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kBSTRACT

_T he response of the seasonal -.her_.-ocline formati on and

mixing ec prescribed vc-rtical intarior motion is examIned.
tFor th4 annual and shorter perlod In-terior mo-ion cases

studied, the response was strongest f-or the anr.ual period.

For an oscillato~y vertical motion having a 15 m amplitude

at a 75 m depth, warm se-i surfaca tamperaturs _ omalies of

up to 2. 16k and cold anomalies off up to 2.04Kare found,

dependi-ng on the phase difference between the interior
motion and the annual heat cycle. The net phase-averaged

effect on the mixed layer for annual period interior motion

is a reduction in vertical mixing. H igher frequency motion

produces a net enhancement of the Mixing.
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I. INTROD CjQ!_

Interior vertical motion can play a aignificant role in

the mechanical energy budget of the ocean boundary layer.

Linden (1975) carried out experiments to observe mixed layer

deepening in a stratified fluid. He found that internal

waves are important in the energetics of the mixed layer and

that the mixing process may provide a significant source of

energy for the generation of internal waves. In this thesis

the interior motion is prescribed and not affected by the

mixed layer processes. However, the modelling of the inter-

action of free internal waves with mixed layer processes is

an impcrtant area for future study. Linden points out that
he did not account for waves generated elsewhere which

propaga-e into the region of consideration. Also, ths

internal waves considered by Linden were of relatively high

frequency.
De Szoeke (1980) found wind stress curl-driven vert-ica

advecticn to be a-. important as the er.trainment rate nr.

mixed layer dynamics. Cushman-Rcisin (1981) likewise fcund
wind-driven advecticn to be as important as wind-driven
mixing in mixed layer dynamics and temperature front

formation.
Much work has been done to study the ocean response to

storms. Price et al. (1978), in their work cn the mixed

layer response to stcrms, found it necessary to include

vertical advection. Price (1981) found that upwelling will

significantly enhance the sea-surfa:e tsrperature response
to a slowly moving hurricane. Adamec at al. (1981), using a

two-dimensional model to study the oceanic response to a

hurricane, found a strong interependence between mixing and

advection. 3reatbatch (1983) also found advection to be



important in increasing maximum cooling due to the passage

of a storm.

Only recently has much been don& to include long pericd

interior motion in mixed layer models. Stevenson

(1980,1981) examined the response of the mixed layer when

perturbed by linear Bossby waves. He found no mixed layer

response during the first half of the heating season while

the mixed layer is shallowing and a maximum sea surface

temperature response at the end of the heating season and

beginning of the cooling season. Stevenson found that the

maximum response of mixed layer dapth to the wave occurzed

at or near the end of the cooling season. Also, he found

that the lowest frequency waves produced the greatest mixed

layer depth and temperature responseS. This study differs

from that of Stevenscn in that a finit amplitude prescribed
interior so'ion is used rather than a li.near Rossby wave.

This produces a phase dependent asymmetry in -he mixed layer

response to the interior motion.
Burger (1982) successfully introduced tidal psriod

vertical advection into the Garwod (1976,1977) one-

diaersional mixed layer model. He found that the intzrior

motion had a significant effect on the nar-surface tempera-

ture field and that the inclusion of the interior motior can

improve tke model for single station f:recasting.
In this study, the Garwocd (1976,1977) one-dimensional

ocean planetary boundary layer model is used. Vertical

advection was added to the model. 1"he annual heat cycle is

a sine function and wind stress is held constant at one dyne

per square centimeter. By keep.ng the surface boundary

conditions simple, the effect of the interior motior can be

more readily observed.
The int.rior vertical motion is a prescribed, forced

interior wave which is linear with depth and sinusoidel in

time:

12
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where D is a reference dspth, 200 meters, and WO is the

amplitude at the prescribed verti:al motion at depth, D.
The periods,T, studied are one year, one-half year, one-

third year and one-quarter year. The phase difference, 0,
between the interior motion and the annual heating cycle is
varied from 00 to 360* at increments of 22.50. This

interior motion is general and may be represenzative of a
number cf possible long period phencmena, for example,
internal Rcssby waves or perhaps Ekman pumping on seasonal

scales.

The oceanic variables of interest are mixed layer depth,
h, sea surface temperature which equals mixed layer tempera-

ture, T,4, the heat content, H, and the potential energy, P.

These variables are contoured as functions of time and phase
for each cf the periods studied. Also, contours are made of
the differences of these variablas relative to the case of
no intericr motion. These contours are used to observe the
effect of the interior motion on tha mixed layer processes.

Furthermore, the phase, 0, in equatian (1.1) can be

replaced ty the expression:

- -- -- -x (1 .2 )

where x -s horizontal displacement and L is some typical
wavelength. Then, at any fixed x, equation (1.2) represents
the vertical motion due to the passage of a travelling wave.
The wavelength, L, might be, for example, 300 km for an
annual taroclinic Rossby wave in the central north Pacific
(Kang and Hagaard, 1980). The phase in equation (1.1) can
thus te related to hcrizontal location. The contours of h,

TML, H and P versus phase and time then indicate hcrizcntal

13



structure in these variables due to zhe presence of -:he

wavs.
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A. THE HODEL

1. Some _Gej Al Considerations

For this study ths Garwood (1976,1977) one-

dimensional bulk mixed layer model is used. The model is

based on the Navier-Stokes equations of mction, assumes the

continuity equation for an incompressible fluid and makes
the one-dimensional approximation. The Garwood model

differs from previous bulk mixed layer models in several
feature.s. The time scale for viscous dissipation cf turbu-

lent kinetic energy, TKE, is dependent -n plan-tary rota-

tion. This allows for a cyclical steady state n an annual

basis by increasing dissipation for deeper mixed layas.

Both downward and upward turbulert heat fluxes are important
in this model. Furthermore, -ntrainment depsnds on the

relative distribution of TKE between vertical and hcrizcntal
components.

Befcre continuing, a comment on notation is in
Sorder. An overbar cn a vari-able will indicat, the horizon-

tally averaged mean. A prime on a variable will indicate

the fluctuation abcut this horizontal mean. Angled

brackets, < >, will indicate ve:tically averaged, mixed

layer mean.

2. Egu.atoa of State

In the Garwood model, "he equation of state has the

form:

15
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(2.1)

The thermal expansion coefficient, o • is a function of T
and is re-computed laily. The constants ,x, T, and S, are

typical density, temperature and salinity valups, respec-

tively. In this study, salinity is fixed (precipitation and
evaporation are disallowed) and set equal to the value of

S". Equation (2.1) then becomes

to[F'-T- To- q (2.2)

B. THE HEAT EQUATION

1. In4 tia'!Fr

The time rate cf change of temperature is givsn by

-he one-dimensional heat equa-,ion:

4 1r k-4 V, (2.3)J~0 t ' 'T' -, j -L o r , 2-- -

The first term on the right is vertical turbulent heat flux,
the second is solar insolation, the thi-d is vertical

temperature advection and the last, diffusion. All of the

solar insclation will be assumed to be abs:-zbed at the

surface (in the first few centimeters) of the ocean. Hence,
the solar insolation term will be dropped in favor of a

surface boundar y conditio n on the turbulent heat flux.

Equation (2.3) then becomes

(2.11)

T LE
16

, -I- " , L I'' , ' { :- - - .,_ .



In this model , mixed layer temperature is assumed

to be vertically homcgeneous. EquLtion (2.4) then r educes
to

_ O - ) (2.5)

for mixed layer temperature, TM. 3bviously, Tm= is equal

to sea surface temperature because of th- vertical homoge-

neity assumption in the mixed layer.

The surface bcundary condition on heat flux is given

by:

- (2.6)

where the zero subscript indicates the value of wT' at z=O.

The net surface heat flux, Q/eo-r' is prescribed to be

' harmonic in time:

The am.litude of this sine function is set equal to a

representative mid-latitude value of '4-10-3C cm/sec. In

this study, heat flux is positive downward. Time t=0 s the

start of the "heating season", when Q first becomes

positive.

The boundary condition on heat flux at the base of

the mixed layer is given by the entrainment heat flux,

17
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(2.8)

where the subscript, h, indicates the value of w7I' at z=-h,

the base of the mixed layer. The variable, We is the

entrainment rate and A T is th- teI=perature Jump across the

entrainment zone at the base of the aixed lay-sr. The turbu-

lent heat flux is linear with depth in the mixed layer (due
to the assumption of a well-mixed layer), mcno-cnically

dec-eases w-ih depth in the entrainmant zons and is zro
below. The profile of turbulen: heat flux is shcwn in

Figure 2.1. The net surface heat flux varies from positivs

-&T wqJ " _ / .-

'/I/I
II

Figure 2. 1 Turbulent Beat Flux Profile.

to negative values according to equation (2.7). The

entrainment hsat flux term, -AT ie, is always negative or
zero. This is because the entrainmeat rate is posit.iC when

the mixed layer is deepening but "turns off" and is zerc for

non-ent:aining shallcwing cases. The T-hickness of the

18



ent:ainmert zone, 6. is assumed -:3 be much lqss than th=

depmh of th mixed layer, h.

!quation (2.5) now becomes

Q__ - IT'W (2.9)

Not a that tte advecticn tarn is absent. Thus, thi In -_e:-o r

notion does r,,t iec-.ly affect- tha aixad layer temperature.

Instead, the in te9rior mot--on affects the mixed la yer

temperature indirectly through the variables h, AT al.1 We.

-------- ---- ----

Figure 2.2 Initial Temperature Profile.

19



The initial temperatu-= profila is given in Figure

2.2. The reference depth, D, is 207 a and will be used in

some of the equations 'r later sections.

2. SASJg;j;j1. jml'fc12r o th eatl

Consider now the rela-ive magnitudes of the terms of

equation (2.4). In the mixed layer, the -?mpsraturs may

change by as much as 100C in a half year. The tim- rate of

change -f mixed layer temperature would then be Tn tha. orle:

of 10-6 °C/sec or less. Below the mixad laye- the time rae'

of change of t.emperature of fluid pa-_icles will generally

be smaller.

The first term on the righ- of equation (2.4) i ths

turbulent heat flux term. In ths mixed layer, the only term

on the right side of equation (2.5) is the turbulent heat

flux. Thus this term will scale with th- seasonal time rate

of change of mixed layer temperatu.e., 10-*°C/sec. The

prescribed surface heat flux bounlary condition, Q/pc., has

extreme values of t4103OC cm/sec. -he value of h varies

from around 30 m to around 100 m. Thus, the first term cn

the right side of equation (2.9) has a range of values

between ±10-6*C/sec. The second term on .he right of equa-

tion (2.9) has roughly the same order of magnitude, but it

can only be negative. Below the mixed layer and entrainment

zone, that is, below the flux region, the turbulent heat

flux tert vanishes.

Next consider the advection -trm in equation (2.4).

Recall that this term is zero ia the mixed layer. The

gradient of the temperature profile just below the mixed

layer is initially about 10-'°C/cm. During the heating

season -he temperature at the top of the thermocline will

increase, but the vertical extent of the thermocline will

also increase as the mixed layer shallows. This term should

20



thus be expected to have the same order of magnitude. The

amplitude of W will be prescribed according to equation

(2.19) in section D. The maximum value at 200 m depends or

the wave or oscillation frequency, but it will be on the

order of 10-3 cu/sec. This ampiitade .will be smaller at

lesser depths. The result is that the advection term of

equation (2.4) should be of the order of 10-0°C/sec below

the mixed layer.

Finally, consider the diffusion term of equation

(2.4). This term vanishes in the mixed layer. Below the

mixed layer a reasonable scale for the seccnd derivative of

temperature is on the order of 44C/(5000 cM)2. A typical

range of values for the eddy diffusivity, X, is 0.1 to
0.5 cum/sec. Thus, the diffusion term has a magnitude of
about 10-S to 10 - T C/s a c. The diffusion -ert is much

smaller than the other terms of equaticn (2.4) and will,

from now on, be neglected. The heat equation (2.4) thus can

be simplifid to
* 4

da

C. ilXED LAYER DEPTH

In th- model of Garwood (1977), the mixed layer either

shalcws to a retreat depth, h,, or d-epens at the entrain-

ment rate, We. The retreat depth IS determined by assuming

steady state conditions for the turbulent kinetic energy

budget, letting entrainment heat flux vanish and letting

<w--2> approach zero. The resulting equation for retreat

depth is

21I_____



= - } . /L (2. 11)

(Garwcod, 1977). In this equation, m, and m, are dimension-

less model constants, - is the thermal expansion coefficient

and <2> is the mixed layer mean turbulent kinatic energy.

Also, u,, -:he f-lcticn velocity, is the square roct of the

surface wind stress divided by de"nsity. Throughout this

study, it is set equal to one centimeter per second. Since
mixed layer mean turbulent kinetic z-zargy depends or. surface

boundary conditions, the _etreat depth is independent of the
prescribed interior action.

In the case of active entrainment, the mixed laye= deep-

ening rate in the model depends on the entrainment rate and
, the mean vertical velocity at tha bottom of the mixed

layer due to the prescribed interior motion:

We - "VV (2.12)

The entr-ainment =ate, We, depends oa the entrainment zone

temperature jump, 4T, and the entr-ainment heat flux (seo

equation 42.8)). The entrainment hat flux is modelled by

(- ) (2.13)

(Garwcod, 1977), where m4 is & modal constant. The

entrainment rate can then be expressed as

+ < >
We "'(2. 14)

22
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Therefore, equations (2.12) and (2.14) give a soluticr for

Jh/at if R,, <i__> and <E> are known.

For moderately strong wind stress, mixed layer mean
turbulent kinetic energy, <>, depends primarily on surface
wind stress, which is held Constant here. The vertical
component of turbulent kinetic energy, (7_21/2, depends
primarily on surface heat flux and surface wind stress.

When the surface heat flux becomes large enough, this term
tecomes zero, stopping the entrainment process and permit-
ting shallowing. These two terms are unaffected by -he

interior motion. The entrainment rate is affected by the
mean ver=tical mction indirectly as a re'sult :f chang=s in
mixed layer depth, h, and entrainment zone temperature jump,

AT.

D. INERIOR VERTICAL NOTION

Ccnside: for the moment a two layer, deep ocean with the

upper layer about 200 m deep and the lower layer about
5000 a deep. Assuming the fluil is incompressible, the
continuity equation is differentliatead with respect to z:

-W - V (2.15)

where U, and W are the mean v-locity components in either
layer. Furthermzre, assume that horizontal momentum is
vertically well mixed in the upper layer. Thus,

-o - (2.16)

23



Than must be linear with depth in tae upper layer. With a

rigid-1id approximaticn, W = 0 at the surface.
Our interest is confined to the upper 200 m and a linear

vertical profile for V is a good approximation for long

pericd interior motion. The functional dependence of 4 on z

is

W z D (2.17)

where D = 200 m is the reference depth and W.- is the

interior vertical motion a- 200 a giver, by a sinusiodal

function of time, nam.ly

The amplitude, W, , is definei by

= (2. 19)

For the on -yea= per iod inerior motion,
Wo = 8-10- 4 cm/sac z 69 cm/day. Th. value o- W. will be 2,

3 and 4 times this for the one-half, one-third and one-

quarter yea: periods, respect.ively. These values of W, are
selected so that the Aispla!e:ment amplitud. at 75 m is

approximately 15 m. The actual valuas of :he displacement
amplitude depend on phase and will be discussed below.

Ccmbinirg equations (2.17) and (2.18) yields the

equation fc the prescribed interior motion,

f ,t x 1--rt, t ). (2.20)

24
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The formula for tha particle position due to -he in-.-o_
motion can be obtained by noting that = 1z/1-, =n. is

given by

a ex (7 + P (2.21)

For any fixed phase the maximum and minimum values of z are

given by

.CeP D ( - c:(2. 22)

and

,i + (2.23)

The peak-to-peak displacement amplitude is the difference,

" . L , 5 e~p 7 ( 2 . 2 )

The maximum peak-to-peak displacement amplitude will cccur
when cos 0 =+1 and the minimum when cos 0 =-1. For the
vertical mction amplitude given by equation (2. 19) , a
particle with an initial position at z=-75 m will experience
a displacemant amplitude (half of th . peak-to-peak value)
between 12.4 and 18.4 m.

The model time step is one hour. This is much smaller
than the cne-yea- or even one-quarter year periods consid-

ered. Hence?, since WD does not vary significantly over a
cne hour time s-tep, the integral of (2. 17) can be approxi-

mated by
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t (2.25)

where .t~t -t, is the time increment (one hour) and W- is

obtained from equation (2.18). In the model, vertical

advection is handled by compressing or expanding the

vertical grid according to equat-ion (2.25). No significant

difference in the -esults was found between model runs using

equation (2.25) and equation (2.21).

The vertical increment is initially one meter, but this

varies as a result of the compression or expansion of the

veartical grid. This variation in the vertical increment is

never more than about 25%. A consequ-nce of this scheme is

that the lowest grid point is not always at a depth of 199 m

as in the initial profile, Figure 2.2. Cars must be taken,

therefore, when performing vertic-!a integration from the

surface to the reference depth, D = 200 m. The integrals

that will he calculated in the n=xt se-ct;or involve the
temperature difference, l-T, . ?robiems with varying the

grid size can easily be avoided by setting the reference

temperature, TO, qual to TD, the initial temperature at

200 m. This way, T-tD will always be zero at the base of

the vertical grid. The grid is initially made deep enough

so that tte seasonal thermocline never reaches the bottom of

the grid; hence, T D always equals its initial value, 6.08C.

Subtracting the reference temperature, T., from tempera-

ture, T, in the integrals in the next section amounts to

subtracting the terms:

S -Z' (2.26)

J

an d
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T)'L (2.27)

Since always remains constant, both expressions, (2.26)

and (2.27),* will always remain constant. Subtractirg t.
from Y will amount to subtractIng constants from the

integrals it the next section.

E. POTENTIAL ENERGY AND HEAT

The potential energy per unit irea for a column of water

from the surface to depth, D, is given by

V (2.28)
14j.1 ~d~

Employing e qu a tio.n (2.2) w i th T as the reference

temperatur-e, allows aquation (2. 28) to be written as

____ PE -(==- i~) ~-(2.29)

The constant in equation (2 .29) Is

Ito - - (2. 30)

The integral In equati-on (2.29) will be used for the compar-

ison of the potential energy with and without the interior

moti-on. It will be represen-ted by the variable P with units
of *C M2 Where

~= -f T-~) ~(2. 31)
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Similarly, he+at content will be i--dicated by the variable H

with uni ts OC m where

• f ((2.32)

-I)

The analysis of the physical effects of the interior

motion can he facilitated by developing the expressions for

the time rate of change of H and of P. First,

differentiating equation (2.32) with respect to time gives

V I; i %* : (2. 33)

-b

Equation (2.33) can be written as

-. (2.34)

( Substituting equation (2.10) for .h= -ime rake of change of

temperature into equation (2.34) yiells

- H (2.35)

The first term on the right, when integrated, is just the

net surface heat flux. Substituting equation (2.17) into

the second term on the right of (2.35) and integrating by

parts gives

28
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- D . (2. 36)

Using equation (2.26) this can be rewritten as

J (2. 37)

Equation (2.35) can ncw be written as

-- (2. 38)

The formulation for th =_ tim - ra- of change of the

potential enrgy is ard Is givan by

22. '(2. 39)

ic
Substituzirg equation (2.10) into (2.39) yields

*71

The first term in equation (2.40) can be integrated by

parts:

vv ~T') A -Z7 (2.41i)I.I

The first term on the right of aquation (2.411) vanishes

because w'T' = 0 at z = -D. Since 7T5 is zero below the
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entrainment zone, equation (2.41) :educes to

, ._ (2.42)3 -.. r A=- -
-

Shis integral may b9 broken up over the mixed layer and the

entrainment zone, prcducing

z k < Z(2. 43)
-- 4

where <w';T> is the vertically averiged mixed layer mean of

the turbulent heat flux. Since w'T' is linear with respect

:o z ir te mixed layer, this mixed layer mean can be

written

T' >T A7V"j (2.44)

C=ns-d er the seccnd term on the right side of equation

(2.40). Substituting squation (2.17) for V and integrating

by parts yields

D-- T (2.45)

-D D - -

using equation (2.27) this can be rewritten as
0

"a vv .,5 1j+ - 4o3B (2.46)

On combining Rquations (2.40), (2.43), (2.44) and (2.46),

the time ra-e of change of the potzn-.il. energy variable now
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becomes

41. T'(2.47)

Because the turbulent heat flux is monotonic across the

entrainment zone, as illus,7.tated in Figure 2. 1:

-V -- (2. 48)

This indica-.es -:hat the integral : Lru in equation (2.47)

should genoirally be small.e in magnitude than the first term

cn the right si4de, unless of course, the surface and

entrainment hbeat fluxss nsarly cancal.

Actual values of the terms of equation (2.47) were

calculated for one-yea= period interior motion at two

different phases and th- second -rm on the right of the

equation was smaller than the firsz, usually by on_ o:dr of

magnitude. Furthermore, the mhird term on the right was

generally an order of magnitude larger than either of the

other two. Eluation (2.47) will thus be approximated by

kP k Z T_ ~v -21 \.o p(2.49)
;"t r. .( ."
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3III- MHRX1!EU lie .11.2.0

A. SUNKARY OF PERTINENT EQUATIONS

The equations for time =ate of change of mixed layer

depth, mixed layer (and sei surfacl -:emperatu~e, heat and

potential energy are

(3.1)

- - ____(3.2)

H (3.3)

OP - ~ ~ Z~j~(3.4)

The retzeat depth is given by

where (w~v), has been replaced by equation (2.6)
The entrainment rate jis gi-ven oy
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T , '-(3.6)

The prescribed net surface heat flux is given by

: = ( (3.7)

k

and is plotted as a function of time in Figure 3. 1.

t

Figure 3.1 et Surface Heat Flux.

The prescribed vertical moicn at the reference depth,

D=200 a, is

-(.a V. (3.8)

where We is defined by equation (2. 19) . By substituting

z=-h into equation (2.17) it can be seen that V varies

directly as h and V-D -

Some additional nctation will ba useful for the discus-

sion of the results. To observe the effect of the interio=

33

LI
I 'A. = "



ction, the valugs of h, 'T, H aad P are compared to thoseA withou-t interior rction. Contours are plotted -f t-h.
difference of mixed layer depth with and without the

intericr motion, likewise for mixed layer temperature, heat
and potential energy. Therefore, the following new
variables are defined:

= k - (3.9)

C (3. 10)

- (3. 11)

--- - -(3.12)

B. RESULTS ITH NO INTERIOR MOTION

The mixed layer depth has been plotted in Figure A.4.
Note that the vertical axis scale is inver-ted for clarity.

The yea: was started at the beginning of the heating season
and the mixed layer retreats for the fIrst quarter year.
Then the mixed layer deepens slowly for the next half year
and mors rapidly in the last quarter. In the last f.w days
the mixed layer shallows to the .=O,1 year,o.on-years

cyclical steady state value of about 75 m.
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The mixed layer temperature, fL, is plotted in Figure
A.5. As expec~ed, the mixed lays= temperature incra~ases

during the heating season and decreases during the cooling
season, for the most part. Hcwevar, ncte that the peak
mixed layer temps.rature occurs around day 170 and T% starts

to decrease ten days befcre thn end of the heati'r seascn.
This is because the entrainment heat flux term has begun to
dominate equation (3.2). some entrainmet had already

started fifty days eatlier. By day 170, towards the end of
the heating season, aT has reazhsd its largest value,
7.8 4C. Cn day 170 ths cooling of the mixed layer due to

entrainment has reached 0. 021"C per lay while the surface

heating has dropped to 0.030 0 C per day.
The heat content, plotted in Figure A.6, depends only on

surface heat flux for the cas-. of no interior motion (see
equation (3.3)). Any heat lost from the mixed layer due to

entrainment will be gained by the region below. Since heat
is calculated from the surface to 200 m, entrainment will

have no effect on its value.
Potential energy per unit area is plotted in Figure A.7.

This, too, generally increases with heating and decreases

with cooling. However, note that the peak value occurs at
about day 305, 25 days into the co)ling season. This is
because po-ential energy is also inzreased by mixing as

indicated by equation (3.4) The entrainment term dominates

equation (3.4) from day 170 until day 305, when the net

surface heat flux is near zero. A close inspection of
Figure A.7 reveals that the potential energy at the end of

the year is greater than the initial value. Specifically,
the initial value of P is 19608'C m; the value at the end

of the fi-st model year is 20204"'C m2 and at the end of the

second year is 205790C M2 . This increase in the potential
energy is due to the adjustment cf the temperature profile
as the oci.an approaches cyclical steady state.
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Figure A.1 is a plot cf temperature versus depth and
time. The top of the graph where the temperature contours

are vertical is -he aixed layer. The mixed layer structure

is quits eviden after the first quarter year due to the

strong temperature gradient at the base of the mixed layer.

Note that the temperature profile at any depth below the

mixed layer is left unchanged until mixing roaches that

depth.

C. ONE-YEAR PERIOD INTERIOR NOTION

The zero contours of the prescribed interior moticn have

teen drawn in Figure A.8 with upwelling and downwelling

indicated. the dotted contours indicate when the magnitude

of the interior moticn drops to half of the maximum value.

During -he first quarter year the mixed layer is shal-

lovirg. Since the retreat depth depends primarily on

surface tcurdary conditions, mixed layer depth will be unaf-

fected by interior motion at this time.. This is borne out

by the conecurs of _ h (defined in equation (3.9)), Figure

A.1O. The first quarter year shows no diff--rence in mixed

layer depth. With little or no effect on mixed layer depth

during the first quarter year, there will be little Cr no

difference in the value of the first term of equation (3.2)

with and without the interior motion. The se.cond term of

equation (3.2) will he zero at this time since entrainment

stops during shallowing. Hence, mixed layer temperature

will also remain unaffected by the interior motion during

the first quarter year. This can be seen in Figure A. 12.

Heat and potential energy, on the other hand, are influenced

by the advection of temperature in the thermocline as indi-

cated by the presence of the last term in equation (3.3) and

equation 13.4) . Thus, the interior motion will influence

heat con-ent and potential energy even during the first

quarter year (Figures A.16 and A.181.
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1. Effct on 1'Ixed La er epth

Equation (3.1) indicates that downwellina will

enhance deepening, and upwelling will reduce deepening. In

Figure A.9, it can be seen that Isepaning still dces cccur
after the first quarter ymar as i- did without any in-.erior
moticn. However, the rate of deepening depends on phase.

At the 900 phase, there Is upwellirg d,:ing the
middle half of the model year (see Figure A.2) reducing the

rate cf deepening. At day 274 down welling begins and the
mixed layer begins tc deepen more :apidly. The very rapid
deepening in the last quarter of tae year for this phase
results frcm both antrainment and downwelling working
together. Calculated values of the terms of equation (3.1)
indicate that en-rainment is the d:minan- term most of the.h4

time during deepening. In this example the entrainment rate

has been enhanced by conditions set-up by the interior

moticn. Equation (3.6) indicates that entrainment rate, We,

is inversely proportional to mixed layer depth, h, and
entrainment zone temperature jump, &T. Compare Figure A.2
to Figure A.1 (-.he case with no Jntazior motion) and A.3

(the 2701 phase case). It' can be seen that at the start of

the last quarter of the year the 900 phase case has a much

lower mixed layer temperature than the other two cases (the
reason for this will be discussed in the next section).

This lower mixed layer temperature means that the entrain-

ment zone temperature jump will be smaller, allowing for a

larger entrainment rate. At the start of the last quarter

of the year, the differences in h are not as significant as

those in aT.

For example, the values of &T, h, We and Wk have
been calculated for these three cases for day 280. The
mixed layer depth, h, is about 50 m for the case without

interior motion, 65 m for the 90c phase and 68 m for the
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2700 phase. These values do not greatly differ. However,

the temperature jump for the 90- phase case is 1.3"C which

is less than half the 2.9-C value for the case with no

intericr -to-ion which in turn is les sthan the 4.7"C value

for the 2700 case. The entrainment rate for the qO phase

case is 90 cm/day compared to 43 cm/day for -he no in:erior

motion case and 22 cm/lay for the 270C case. For both

phases consid-red, the interior motion Is at least an order

of magniTud smaller th L :he entrainmen; rate.

Nevertheless, at day 280, the deepening in the 90- phase

case s helped a little by downwelling and in :he 270V case,

hindered a little by upwiling.
In the last few days of the year, -he increase in

mixed layer depth begins to take over, particularly for the

900 case. This inhibits further. entzainmen- and the mixed

layer then rapidly shallows to :he cyclical steady-s-at

value of 75 m (Figure A.9).

In the 270" phase cas- (Figur= A.3) there is down-

welling during the middle half of -:hz year, which increases
4 the deepening of the mixed layer. By the start of the last

quarter of the year, the mixed 'ayez s warmer than in the

I case with no interior motion or in the 90z phase case. This

leads to a larqer value of iT and a reduced entrainment

rate.

Ccmparing Figures A.8 and A.9 it can be seen that

mid -year upwa-lling is associated wi-h a reduced rate of

deepening and mid-year 4ownwe-ling -s associa--ed with an

increased deepening rate. Looking at ?iguze A.10, It can be

seen that the actual decreased or increased values of mixed

layer depth lag the start of ,ipwelling or downwelling

(respectively) by 900. The time rate of change of mixed

layer depth tracks along with the interior motion in

accordance with equation (3.1). However, actual mixed layer

depth is the integral of th.s and integrals of periodic
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functions lag them by 900 . Also note that the str one

enhancement of and strong hindrance to deepening a,: the end

*of the year (Figure A. 10) lags tue strong decrease and
strong incrsase in mixed layer temperature (Figure A.12) by
about 90V.

2. Effect on Psxed LaYer Temomaturs

consider now the mixed layer heat equation (3. 2) .

The net surface heat flux is prescrioed and unaffected by
the interior motion. The entrainmeat heat flux, giver by
equation (3.6) , is Inversely pr-)DOrtional tc Mixed layer

de pth. The o-thar terms in equa-,ionr (3.6) depard primar:.ly

on surface boundary conditions. So, the 'rst ___m Jr. r ua-

tion (3. 2) i~s inversely proportionial to mixed Laye: depth,
h, and the second, inversely proportional to the squLr-: of

h. This implIss that an increase in h will reduce ths

magnituds of mixed layer temperature change; a decrease in I
wi'll increase ths change in' T,,. This is3 bicause, w hz a

deeper mIxed layer, a gi-ven, amount_ of hsat- addc-d to or

removed frome thB nixsd layer must be spread over a larger
mass cf watar.

This affeact is iusrtdin th-a examples shown In
Figures A.2 and A.3. in Figure A.2, --he mixcd layqr i-s

shallower than In Figure A. 3 crom about day 133 to about- day
300. This resulted from the mid-year uvweiling forz the 90'
phase case and the zid-yei r downwalling for the 270- case.

The shallowsr mixad lava:sr in Figure A.2 allows for a much

more rapid temperature drop than occurs with the 4 1ePaer

mixed layer of Fi-gure A. 3. This can ba sesn in the enhance!

gradients in Figure A.2. After day 30U, the rap-i deepening
of the mixed layar for ths 90e, nhase case ani slow deepsning

for the 2700 case reverse the situation.
To see the effect of the inteziar motion for all of

the phases, the TLcontours should not be compared directly
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to the i*nte rior motion contours but rather to the contours

of the mixed layer depth differenze, _1h (defined by e-qua-

tion (3.9)) .Between the VC and 183" phases, after day 180
there is a region in Figure A.10 where the mixed layer is
shallower with the interior motion than without. T his

causes the mixed layer temperature decrease (the second half
of the year is the ccol.,,ng season) to be great.er, resulti-ng

in he egaiv vauesof T.L in thn last quarter year at

these phases (Figure A.12). Betwsen the 180,' and 360.

phases the opposite occurs.

At the end of the year the mixad layer depth returns

to 75 m. Mixed layer tqmpera-tur,, does not return to itS

initial value. The second~ yea= f, data is plottedj In

Figures A.13 and A.14. The reduced tamperatures for phases

00" to 1800 and Licreased temperat-urgs for phases 1800 to

3600 are continued into the second ys=ar. The mixed layer

depth follows the same patrterrn in. tha second year as :.- di-d

in the first. This causes thq pattern begun in the

first year to be enhanced inthe s2ocond ys z: . Continued

pumping of thoca byhi ridnenr moto enhances

this structurs. if permi-tted, it would eventually cause the

upper 200 m to become isothermal (in. :he region of the 90
phase a. the end of the year) ,followed by deepening beyond
the limi-ts cf what the model can 'haadle. It would no-: be
realistic, however, to have- thi-s single perilod :tro

motion continue for the svrly-iars necessary for -:his to
happen. In rZeality, the inter:.or lotiono woild probably be
dam pe d by interactions v 4- the boundary layer 24xing
processes. TherP should also be more than. one poriod

present. Futharmore, surface heaat flux shou.' I be influ-
encad ty sea surface temperature. These three possibilities
open up avenues fOL further research.
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3. Ef--c on Hea Conte-it

Eq~uation (3. 3) _,ndica,:ez that: change inr the heat

content depiends on "na' sur face heat flux and o,- p'.implng of
the ocean bv tae interioz motion. Thz3 net surface heat flux
is orescribid and is indapendent_ of the interior motion.
Subtracting equation (3.3) for t.he Casa of no intirjor
motion from the same equation with interior motion give~s

(3. 13)

where a H is defined by equation (3. 11). Equati-on (3. 13)
IJic atesrs that upwelling will cause aH to dscrease and

downwelling will cause 8H to i"ncrease. rhis can bp

cbserved by comparing Fi-gures A.8 and A.16. The input to
heat conten7 due to net surface heat flux alone causes H to

increase during the first half of the year and decrease
*during the seconi half as shown in Fi'gure A.6. The combi'na-

ti-;.on, of surface heating with the effect of the interior
motion produces the saddle-shaped curve shown irn Figure

f A. 15.
The effact of differenlt phases of the interior

motion can be demonstrated by the .own two si:mple exam-
ples (Figur-:s 3.2 an d 3 .3) . 4o mixing is oarmitted and a

two-layer ocean is assumed for simpli'cfty.

In the first example shown 46 Fi-*gure 3.2 ths~i is
initial downwelli-0ng followed by heating, t her. 'Ipwelling

followed by cooling and f inal1 d o waw-31 .Jin g to thi -ini4tlal1
mixed layer depth. When lownveillng precedes heal'ing, the

het sditibuted cver a thicker mixed layer. A fixed
amount of heat will produce a smaller increase in T than
would have resulted without the dovnwelling. If this is

*followed by upwelling before cooling, tha. thinner mixel
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Lc

I%

dcwnwaeling 120

heating i 150

apwel!ng 100

Coo:i:g 70

dovnvelling ...... 87.5

Figure 3.2 Heat Content Example 1.
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(C m)

in i +4al 100

~0

dowrwsll'ing 165

ccclin±g 135

upwel ling 112.5

Figure 3.3 Seat Contsat Example 2.
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layer will reach a lover temperature for a given amount of

heat remcved. At the and of the r-omplets cycle the mixed
layer t-empsratu-ze will be lower. Rescall that the heat

contgnt is def inad by

* H (T -T,)

Therefore the lower mixed layer temperature produces a lower

heat ccnter t .

Upve'lLirg preceding the heating season distributes

the heat cve:-_ a thinne r mi-xed layer. This allows a areater

increase in r th an woul.d otherwise occur. if this is

followed by downwelliag preceding the cooling season, a

fi4xed amount of heat removed will produce a smaller drop in
T. The net effeflt will be a higher temperature In the mixed

layer and a higher heat content.
Because of the asymmetry, *s illustr=ate-3d in these

examples. leat is nct conserved for particular phase of

the interior motion. This can be seen -;.P Figures A.15 and

A .16. iit som e phases the year-end heat content is highsr

than it was at the beginni-ng of the year. a-: other phases,

lower. Howver, ifthe heat content is averaged over all of

the phases, the year-end value aqua's the initial value.

The average heat content for s-;xtea=n 3qually spaced phases

from 00 to 3630 was tabulated. The phase-averaged value of

H was 0.070C a less at the and of the year than it was

initially. This small error can be attributed to the coarse

resoluti-cn of averaging only sixteen phases over the entire
360V.

4I. Effec on Potenti-al En~q

Ti-me rats of change of potential energy is giver by

*equation (3.141 From this equatio3n it can be seen that

surface keating tends to increase potential energy, surface
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cooling tends t-o decrease it. The net surface heat flux .s

independent of the interior action so the effect on ,iP due

to this 'era depends on 3h. If there is an increase in

mixed layer depth duri-ng heating, "he buoyancy added will be
mixed deeper, Increasing potential energy. If there is an

increass in mixed layer liepth durizng cooling -the effect will

be opposit-e.

The entrainment heat flux term has a posit~ve sign
4n equation (3.4) . Increased mixing moves buoyant water

down and less buoyant water upward, .cesrgpotent:ial

energy.

Ccmarison of values of th, -:arms of equation (3.4)
i-di cates -:hat -,hs t hi4rd te rm on t.he right is generally

dominant. The exception is when the inei:motion goes to

zero, twice a year. The first term of equati;or (3.4) will

not differ great-y with and wit hout interior motion unless

there is a large difference in mi-xed layer iepth. Recall
tht nranerthetflxis nea~ly inversely proportional

to mixed laytir d pth, (eqtatioen (3.6)) Thus, the second

term will rnct vary significantly. So, the potential ensrgy

closely follows the intesrior motion. This can be seen by

comparing Figure-s A.8 and A. 18. Du r in.g downwelling,
potI-e nti_4al er.ecgy increases, during upwelling it- decreases.

The physical reasoning behind the effect of the

third term of equation (3.4), the pumping term, is that

dovnwelliag pushas buoyant snrface wa-!er downward, whereas,

upwalling is in the same direction as the buoyant forces.

5- 19maa 21 Pepg o 219Ya ?er~od ~In r

Dur ing the first quarter year there is shallowing

and the interior motion has little -affect on, either mixed

layer depth or temperature. Mil-year upwelling reduces

deepening and mid-year downwelling enhances deepening. The
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shallower mixed layer resulting from upwelling wi. ccol

faster; -he deeper mixed layer rasulring from dounwelling

will cool slower. A cooler mixed layer has a reduced .%T
allcwing fcr a larger entrainment rate and more rapid

deepening. A warmer mixed layer deepens more slowly.

Pot-ential energy and heat are both directly affected

-y the interior moticn. Bcth are increased by downwellina

and decreased by upwelling.
Before examining thE mixing response tc higher

freguencies, an observation can be made regarrina hcrizcntal

structure prOduced by the interior motion. As noted in

chapter one, phase may be related to horizontal displacement

by substituting

(3. 14)

into equaticn (2.20) to obtain

- /" (3.15)

'Z t

The wavelength, L, migh- be on the order of 300 km, large

enough for the one-dimensional assumption to be valid.
Figures A. 12 and A. 14 show the development of hori-

zontal bands of posi.tive and nega-ive mixed layer tempera-
ture anomalies which would result from a one-year period
interior wave. Because temperaturB is assumed to be verti-

cally homogeneous in the mixed layer, ML also represents
sea surface temperature. Figures A. 11 and &.13 show a time
sequence of the horizontal sea surface temperature field

resulting from the interior motion, the heat cycle and

mixing processes. The entire surfice warms during the

heating season and cools daring the cooling season. During

(46* I
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the first half of the first year, there is no significan-.

difference in sea surface temperature along the horizcntal

axis. After the first half year, the region where the=9 is

upwelling at the start of the cooling season becomes and

remains cooler than the region where -here is downwelling at

the start Cf the cooling season.

D. EFFECT OF SHORTER PERIOD INTERIOR MOTION

Ccmpaison of Figures A.19 and A.21 shows that as befors

downwelling incraises despening and upwelling reduces deep-

ening. This car. also be observed by comparing Figur-s A.30

and A.32 and by comparing Figures A.39 and A.41. The more

rapid variation in mixed layer depth dces not yield the

strong effect on temperature found for the one-year period

interior motion. This can be seen in the weaker gradients

of 61ML cf Figures A.23, A.34 and A.43 compared to that of

A.12. Hence, the higher frequency in-:erier motion does not

hav as strong an effect on -the mixed layer as the lower

frequency mcticn does.

The second year temparature data was plotted for the

half-year period interior motion in Figures A.24 ard A.25.

Notice -that the same structure sesn in the first year reap-

pears in the second, but the cold spots have not grown

significantly colder nor the warm spots warmer as in the

case of the one-year period motion.
As before, the heat and potential energy differences,

_H and 46P, track along with the i.-e-ior motion as seen in
Figures A.27, A.29, 1.36, A.38, A.45 and A.47. The

resulting contours of H and P appear more complex. This is

because the values cf H and P without the interior motion
follow a one year cycle (Figures A.6 and 1.7) and the higher

frequency cycles due to the pumpng by the intericr mction

are superimposed on the one year cycle.
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Fcr the cne-year period interior motion, upwelling lasts

long enough to enhance cooling significantly (at phases

around 900) and downwelling lasts long enough to inhibit

cooling significantly (at phases around 2700). The shorter

periods dc not maintain upwellin; and downwelling long

enough -o produce an effect this strong.

E. kSYNDETRY IN ENHANCED AND REDUCED NIXING

In Figures A.'48 and h.49 the values of peak enha.c-sd

cooling and peak reduced mixed layer cooling are plotted.

Both first and second year values arze :onsiderd (in Figures

A.48 and A.49, respectively) . Nega-ive values of .
indicate enhanced cooling due to the interior motion. The

maximum absclute value of all of tha negative ATM.L data

points was determined to indicate the peak enhanced cooling.

Positive values of A"m, indicate reduced cooling. The

maximum value of all of the positive T data points indi-

cates the peak reduced cooling. Tha positive values do not

generally indicate enhanced heating, because the wave has

very little effect on the mixed layer temperature during the

hea-.ing season.

The first obvious observation that can be made from

Figures A.48 and A.49 is that the largest peak anomalies

occur with the one-yaar period interior motion. For the

one-year pe.iod in-erior motion the peak enhanced and peak

reduced mixed layer cooling is 2.04 and 2. 160 C, respec-

tively. For the on.-half year period motion these values

are 1.35 and 1.151C, respectively. Also, for each of the

periods studied, the difference between the peak enhanced

coolIng and the peak reduced cooling is greater in the

second year than in the first. All of the periods studied

except the one-yea: period have greater peak enhanced

cooling than peak reduced cooling.
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The phase-averaged values of the variables ah, t

&H, and &P were computed for sixte.n equally spaced phases

from 0 to 360-' . The phase-averaged values at the end of

the first and the end of the secoad model years are listed

in Table I. These values indicate -he net effect of the

interior motion Ifter ea:h year of interacting with the

mixing processes. Consistent with the results shown in

Figures A.48 and A.49, the results in Table I indicate that

the one-year period interior mo-ion has produced a net

reduction of mixed layer cooling. The higher frequency

interior motion has produced a net enhancement of mixed

layer cooling. For all of the p-riods studied there has

been a net reduction of the mixed layer depth. Heat is

conserved, hence the phase-averaged value of AH is zero at

the end of each year. The effect of the one-year period

interior motion was to decrease the potential energy. The

higher frequency interior motion produced a net increase in

potential energy.

a ne- inrease (decrease) in po-ential energy inrdicates

that the interior motion has enhanced (reduced) the overall

mixing. The amount of deepening required to produce an

equivalent increase in pDtential energy is instructive.

This can easily be calculated for the simplified example of

a two-layer ocean, illustrated in Figure 3.4 with initial

mixed-laye- tamperature, T, and depth, h.. This mixed layer

is deepened to h, with new mixed layer temperature, T,.

Heat is ccnserve-, so, using the definition for the heat

variatle, H, given in equation (2.32:

(TT~ ), T(' (3. 16)

Using equation (2.31), tha change in the potqntial aner y is

given by
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T , -,T O , (3 17)

Substituting quation (3.16) into aquation (3.17) yields

The term TO-TD is Just the initial entrainment zone tempera-

ture jump. The increase in potential energy due to deep-
ening with hat conserved is diractly proportional to the

increase in mixed layer depth for the -wo-layer example.

7 TD T7

Ti

II

initial profile af -er mixing

Figure 3.4 Two-Layer 3cean Example.

Consider now the phase-averaged potential energy anoma-

lies at the end of the first year, shown in Table I.
Suppose the initial mixed layer lepth is 75 m and the

initial temperature jump is 4 C. The net reduction of

potential energy for the one-year period interior motion

would then be equivalent tc a redu-sd mixed layer depth of

50
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0.73 m. 7he net inr~eas of potentaa! energy for th_ o.3-.-
half, one-third, and one-quarter ye.ar period in~te~icr me-ion

4s equi-valent to an increase of mixed layer de-pt. by 1.6,

1.8 and 1.8 m, respectively.

The amount of dcwnwelling and upwelling are the same

over the whole year and for all phases. Yet, the net reduc-

tion of mixing an.- mixed layer cooling does not equal the

net enhancme.-n of the same. The net effect of the one-year

period interior motion is to hinder mixing. The net effect

of the shcrter period interior motion -s to enhance mixing.

TABLE I
Phase-Averaged Mean Anomalies

Phase-averaged maan of:

Day &h &Tm' AH A Period

(m) (CC) ("C m) (OC m ) (years)

0 0. 0. 0. 0.
j 365 -1.43 +0.C6 0. -139. 1

* 730 -0.71 +0.22 0. -645.

t0 0. 0. 0. 0.
365 -0.16 -0.05 0. 239. 1/2

730 -0.16 -0.06 0. 381.

0 0. 0. 0. 0.

365 -0.23 -0.C5 0. 267. 1/3

730 -0.23 -0.07 0. 435.

0 0. a. 0. 0.

365 -0.31 -0.05 0. 275. 1/4

730 -0.31 -0.07 0. 451.
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IV. GOUCLUSIgN§ N~ RECOKHBj~jIDATN

A. CONCLUSIONS

Seasonal-scale interior motion has a significant effect

on boundary l.ayer mixing processes. This effect is most

pronounced when the period of the interior motion is cne,

year. For this pericd, u pwel11ing between the heating and

cooling seasons can strongly enhance mixed layer cool~ing and

subsequent deepening. Downuelling can strongly reduce the

same. This effect may produce a significant, observable

horizontal pattern in sea surface temperature. Although

there is niegligible effzct on. sea surface temperature and

Mixed layer depth during the beginn.ng of --he heating

season, the iatarior- motion dcas affect the potential energy

and hearz ccn-:ent at this time. Throughout the year the

pctenriai energy and heat are direc-tly related to the

pumping by the interior mot6-i on. Upwelling decreases and

*downwelling increases both potential energy and heat

content.

Higher frequency ineirmotion does not have as strong
an effect. The cycling between upwell-ig and downwelling

during the cooling season prevents the strongly enhanced
mixed layer cooling from occurring.

The effect of the interior motion Is asymmetric.
Generally, the enhancement of mixing and mixed layer cooling

exceeds the reduction of the same. The exception to this
occurs for the one-year pariod inrarior motion.

B. RECOUHBIDATIONS

one aspect of this research which departs from reality

is in prescrZibing a single wave for thq i*nterior motion.
* This could be changed quite easily by prescribing
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) (4.1)

The amplitudes, W,, and periods, T, could be based on the
first few dominant frequency components observed in actual

wave spectra.

Anot-her way that reality could be ,ioze closely

approached is by allowing the nst surface heat flux to vary

depending cn the sea surface tamperature. This should

dampen the strongly er.hanced er reduced cooling of the mixed

layer temperature seen with the ona-yaar period motion.

An area open to further research is to use a finite

depth ocean and an appropriate vertical wave structure. An

appropriate wave structure for plan.tary waves is giver by

Willmott and Sysak (1980). In their work the vertical

motion is linear in the mixed layer:

SC (4.2)

but, below the mixed layer the vertical motion is given by

0 VE

1~ (4.3)

where N2 is the Brunt-Viisald frequency and c, represents

the speed of p-opagating long waves in -he non-rctati-g case

for mode number n. The solutions of equations (4.2) and

(4.3) must be matched at the base of the mixed layer, z=-h,

to ensure continuity cf the vertical velocity. The boundary

conditions are rigid lid and no normal flow through the

ocean bottom, so, w=O at z=O and at the ocean bottom. At

each time step the mixed layer depth is recalculated and so

the vertical wave structure problem would also have to be

solved for -the new w (z) . The combination of this sort of

53



vertical wave strucura wi-th -the Gar-w',d model for bourdary

layer mixing processes could p-oi an anne.resting area for
future study.

In this study : ks interiJor motion was prescri*bed and
actzed on tha mixsd layer. The interi.or motion was not

allowed to he changed by -:he mixed layer processes. if, for

example, -.he wave motion enhances mi-xi-ng, -the increase in

potqntial energy should be balanced by a dec-ease In wave

en ergy. AltIhough the frsqusncies --nsideriid here are much

lowsr than -those in the work by Bell1 (1978), the procssses
involved could be siirilaz.
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Figure 1.3 Teapratuso one-Year Period, 2700 Phase.
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Figure A. a One-Year Period Interior motion.
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